Magnetic field and hydrostatic pressure effects on electron Raman scattering in anisotropic quantum dots  by Xie, Wenfang
Chemical Physics 423 (2013) 30–35Contents lists available at SciVerse ScienceDirect
Chemical Physics
journal homepage: www.elsevier .com/locate /chemphysMagnetic ﬁeld and hydrostatic pressure effects on electron Raman
scattering in anisotropic quantum dots0301-0104 2013 The Authors. Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.chemphys.2013.06.013
⇑ Tel.: +86 20 83551467.
E-mail addresses: xiewf@vip.163.com, xiewf@gzhu.edu.cn
Open access under CC BY-NC-ND license. Wenfang Xie ⇑
School of Physics and Electronic Engineering, Guangzhou University, Guangzhou 510006, PR China
a r t i c l e i n f oArticle history:
Received 2 May 2013
In ﬁnal form 18 June 2013
Available online 28 June 2013
Keywords:
Quantum dot
Anisotropy
Raman scatteringa b s t r a c t
We have investigated the electron Raman scattering process of a two-dimensional anisotropic quantum
dot. With typical semiconducting GaAs based materials, the differential cross-section has been examined
on the basis of the computed energies and wave functions. We also studied the effects of external mag-
netic ﬁeld and hydrostatic pressure on the Raman scattering in anisotropic quantum dots. The results
show that electron Raman scattering in anisotropic QDs is strongly affected by the degree of anisotropy,
dot size, applied magnetic ﬁeld and hydrostatic pressure. It is possible to control the frequency shift and
the peak intensity of the Raman spectrum in anisotropic QDs by varying these factors.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
Recent advances in modern nanotechnology enable the fabri-
cate quantum dots (QDs) of different shapes [1,2]. Optical proper-
ties of QDs can be controlled by modifying the dot size, the
geometrical shape, and the conﬁning potential. In addition, it is
particularly important to investigate the optical properties of
QDs because the study of intersubband transitions yields impor-
tant information about the energy spectrum (and other related
quantities). It is now well known that an electron, which is con-
ﬁned into dimensions of a few tens of nanometers provides
strong blueshift of the photoluminescence features from that in
the original bulk material, a clear consequence of quantum
conﬁnement.
Optical methods are convenient experimental tools for study-
ing the properties of QDs. In particular, the electronic structure
of QDs can be studied through the Raman scattering processes
considering different polarizations of incident and emitted radia-
tion [3–5]. The calculation of the differential cross-section (DCS)
of Raman scattering remains a rather interesting and fundamental
issue to achieve a better understanding of the electronic and
optical properties in semiconductor QDs. Recently, some experi-
mental [6–10] and theoretical [11–19] studies have been focusedon the Raman scattering and photoluminescence in QDs. They
found that the Raman scattering in QDs strongly depends on
the dot size and the strength of the external ﬁeld. This is because
most of the physical properties are implicitly contained in the
wave function. Any change in the wave function, due to effect
of the external factors, changes the physical properties of the sys-
tem. Hence external factors such as temperature, electric and
magnetic ﬁelds, and pressure can change the optical properties
of QDs. It is well known that high hydrostatic pressure is a ther-
modynamic variable for the solid state that can provide important
information to enable the understanding of the electronic proper-
ties on QDs. Hence, hydrostatic pressure is a powerful tool to
investigate and control the electronic-related optical properties
of low-dimensional semiconductor systems. Recently, the effect
of hydrostatic pressure on the electronic and optical properties
of QDs has also attracted enormous interest because they have
the potential for device applications [20–24]. However, most
previous studies have focused on some symmetric conﬁnement
potentials, for anisotropy signiﬁcantly complicates the mathemat-
ical analysis. This is unfortunate, for most real systems are not
isotropic, and it is therefore important to understand how
anisotropy affects. Recently, there have been some experimental
studies on elliptical QDs [25]. Also, the conﬁnement potential of
QDs studied by McEuen et al. was found to be anisotropic
[26,27]. Geyler and co-worker studied the hybrid resonances of
the optical absorption in a three-dimensional anisotropic QD
[28]. Very recently, Khordad et al. investigated the optical and
electronic properties of anisotropic parabolic quantum disks in
the presence of tilted magnetic ﬁelds [29]. They found that the
total absorption coefﬁcients increase as the tilt angle of magnetic
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not isotropic, and it is therefore important to understand how the
anisotropy affects QDs. In present work, we will focus on studying
the electron Raman scattering of a two-dimensional anisotropic
parabolic QD under external magnetic ﬁled. We will examine
the DCS for the different anisotropy cases. Furthermore, we have
investigated the inﬂuence of external magnetic ﬁelds and hydro-
static pressure on the DCS of the electron Raman scattering of a
two-dimensional anisotropic QD.
2. Method of calculation
Let us consider an electron conﬁned in lateral anisotropic para-
bolic potential in the presence of a perpendicular magnetic ﬁeld.
We assume that the system is in the temperature T ¼ 0 K. So, the
interaction between the phonon and the electron is eliminated
and does not have any effect on optical properties of semiconduc-
tor QDs. Within the effective-mass approximation, the Hamilto-
nian of this system can be written as
H ¼ 1
2meðP; TÞ
~pþ e
c
~A
 2
þ 1
2
meðP; TÞðX2x x2 þX2yy2Þ; ð1Þ
wheremeðP; TÞ is the electron effective masse which is dependent of
the hydrostatic pressure (P) and temperature (T), ~p is the momen-
tum vector of the electron, e is the electron charge, and c is the
speed of light. The two-dimensional conﬁnement is modeled via
harmonic potentials with two different frequencies Xx and Xy
[29–31], which yield the elliptical cross sections of the dots with
axes ratio given by Ly=Lx ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Xx=Xy
p
, where Li ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h=meðp; TÞXi
p
(i ¼ x; y). Hence, the ratio Xx=Xy characterizes the degree of anisot-
ropy of the QD.
The effects of hydrostatic pressure and temperature are incor-
porated via the variation of the electron and hole effective masses
and the static dielectric constant up on both variables. For the elec-
tron effective masses, we have [32]
meðP; TÞ ¼ m0
1þ ECP 2ECg ðP;TÞ
 
þ 1
ECg ðP;TÞþD0
   ; ð2Þ
wherem0 is the single electron bare mass, E
C
P ¼ 7:51 eV is an energy
related to the momentum matrix element, and D0 ¼ 0:341 eV is the
spin–orbit splitting. ECg ðP; TÞ is the C related energy gap for the GaAs
QD [33–35], by
ECg ðP; TÞ ¼ ECg ð0; TÞ þ aP þ bP2; ð3Þ
where a ¼ 1:07 102 eV/kbar, b ¼ 3:77 105 eV/kbar2, and
ECg ð0; TÞ ¼ 1:519
5:405 104T2
T þ 204
" #
eV: ð4Þ
The hydrostatic pressure and temperature are given in kbar and K
(Kelvin) degrees, respectively. It is obvious that the electron effec-
tive mass in GaAs QDs is an increasing function of the hydrostatic
pressure and a decreasing function of the temperature. With the
symmetry gauge for the magnetic ﬁeld~A ¼ ðB=2Þðy; x;0Þ, the Ham-
iltonian is then
H ¼ 1
2meðP; TÞ ½p
2
x þX21x2 þ p2y þX22y2 þmeðP; TÞxcðypx  xpyÞ;
ð5Þ
where
X21 ¼ meðP; TÞ2ðX2x þx2c =4Þ;X22 ¼ meðP; TÞ2ðX2y þx2c =4Þ: ð6Þ
Here xc ¼ eB=meðP; TÞc is the cyclotron frequency of the electron.
We make the following transformations [30]:x ¼ q1 cosv
v2
v p2 sinv;
y ¼ q2 cosv
v2
v p1 sinv;
px ¼ p1 cosvþ
v1
v q2 sinv;
py ¼ p2 cosvþ
v1
v q1 sinv:
ð7Þ
If v1v2 ¼ v2, these operators satisfy the commutation relations
½qi;pj ¼ ihdij, ½qi; qj ¼ 0, and ½pi; pj ¼ 0. Substituting (7) into (5)
we get the new Hamiltonian which is diagonal
H ¼ 1
2meðP; TÞ ða
2
1p
2
1 þ a22p22 þ b21q21 þ b22q22Þ; ð8Þ
where ai (i ¼ 1;2) and bi are deﬁned as
a21 ¼
X21 þ 3X22 þX23
2ðX21 þX22Þ
;
a22 ¼
3X21 þX22 X23
2ðX21 þX22Þ
;
b21 ¼ ð3X21 þX22 þX23Þ=4;
b22 ¼ ðX21 þ 3X22 þX23Þ=4:
ð9Þ
In the above equations, X3 is deﬁned as
X23 ¼ ½ðX21 X22Þ
2 þ 2meðP; TÞ2x2c ðX21 þX22Þ
1=2
: ð10Þ
Hence, the energy eigenvalues in anisotropic QDs are given by
En1n2 ¼ n1 þ
1
2
 
hx1 þ n2 þ 12
 
hx2; n1; n2 ¼ 0;1;2; . . . ; ð11Þ
where x1 ¼ a1b1=meðP; TÞ and x2 ¼ a2b2=meðP; TÞ. And the corre-
sponding wave functions in the new phase coordinates have the
form
Un1n2 ðq1; q2Þ ¼ Un1 ðq1ÞUn2 ðq2Þ; ð12Þ
where UnðqÞ is the wave function of one-dimensional oscillator.
The interaction of an electromagnetic wave in the far infrared
range with electrons conﬁned in a QD can be described in a dipole
approximation. For an electron, the interaction Hamiltonian is gi-
ven by
Hinter ¼ e~E0 ~r expðixtÞ; ð13Þ
where E0 is the amplitude of oscillations of the electric ﬁeld. The Ra-
man cross section can be given by the perturbation theory. The DCS
for electron Raman scattering in a volume per unit solid angle for
incoming light of frequency xl, and scattered light of frequency
xs, is given by Ref. [35]
d2r
dXdxs
¼ V
2x2sgðxsÞ
8p3c4gðxlÞWðxs;
~esÞ; ð14Þ
where gðxÞ is the refraction index as a function of the radiation fre-
quency,~es is the unit polarization vector for the emitted secondary
radiation, c is the light velocity in vacuum andWðxs;~esÞ is the tran-
sition rate for the emission of secondary radiation (with frequency
xs and polarization ~es), which is calculated according to Fermi’s
golden rule:
Wðxs;~esÞ ¼ 2p
h
X
f
jMfij2dðEf  EiÞ: ð15Þ
In Eq. (14), Mfi and dðEf  EiÞ are deﬁned by
Mfi ¼
X
a
hf jHsjaihajHljii
Ei  Ea þ iCa ; ð16Þ
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dðEf  EiÞ ¼ Cf
p½ðEf  EiÞ2 þ C2f 
: ð17Þ
Here, jii, jai and jf i denote initial, intermediate and ﬁnal states of
the system with their corresponding energies Ei; Ea and Ef , respec-
tively. These energies are determinable by using the variational
method. And Cf is the life-time width. The operator Hl is of the form
Hl ¼ jejm0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ph
Vxl
s
~el ~p; ~p ¼ ihr: ð18Þ
This operator describes the interaction with the incident radiation
ﬁeld in the dipole approximation. The Hamiltonian of the interac-
tion with the secondary radiation ﬁeld is given by
Hs ¼ jejmeðP; TÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ph
Vxs
s
~es ~p; ~p ¼ ihr: ð19Þ
Here~el is the unit polarization vector for the incident radiation. This
Hamiltonian describes the photon emission by the electron after
transitions between conduction subbands of the system. The selec-
tion rules between the energy levels can be calculated from the di-
pole matrix elements and are as follows: polarization along the x
or y axis: Dn1 ¼ 1, Dn2 ¼ 0, and the y axis: Dn1 ¼ 0, Dn2 ¼ 1. In
this work, the DCS of Raman scattering for a three-level system is
calculated for a QD using Eq. (13). We choose the backscattering
conﬁguration, where the incident radiation wave vector is parallel
to the z axis, i.e., kijjz, and the scattered radiation wave vector paral-
lel to the z axis, i.e., kf jjz, with both the polarizations of the incident
and scattered wave vectors parallel to the x axis and y axis, i.e.,
ZðX; YÞ Z

. In the initial state we have an electron in the W01 state
and an incident photon of energy hxl with polarization along the x
axis. From theW01 state the electron out a transition to the interme-
diate stateW11 with energy Ea. From the intermediate state the elec-
tron undergoes a transition toward the W10 state, emitting the laser
radiation as secondary radiation of energy hxs with polarization
along the y axis.0 10 20
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Fig. 1. Dependences of the DCS of Raman scattering in a two-dimensional anisotropic QD
R ¼ 6:0 nm and B ¼ 10 T.3. Results and discussions
In this section we will calculate the inﬂuence of an external
magnetic ﬁeld, hydrostatic pressure, temperature and the dot
parameters on the DCS of electron Raman scattering in a two-
dimensional typical GaAs anisotropic QD. The lifetimes of the ﬁnal
and intermediate states are Cf ¼ Ca ¼ 1:0 meV. All calculations of
electron Raman scattering are performed in the scattering conﬁgu-
ration ZðX;YÞ Z. Fig. 1 shows the variation of the DCS as a function
of the diffusion photon energy for three different values of the de-
gree of anisotropy, i.e., Xx=Xy ¼ 2:25, 4.0, and 9.0 (Ly=Lx ¼ 1:5, 2.0,
and 3.0), respectively. The QD size is deﬁned as the conﬁnement
characteristic length R ¼ ﬃﬃﬃﬃﬃﬃﬃﬃLxLyp . In Fig. 1, the dot size R is set to
be 6.0 nm. Here, hydrostatic pressure and magnetic ﬁeld are set
to be P ¼ 20 kbar and B ¼ 10 T, respectively. In Fig. 1, the DCS val-
ues of Xx=Xy ¼ 4:0 and 9.0 should multiply 0.2 and 0.01 times,
respectively. From this ﬁgure we can ﬁnd that the degree effect
of anisotropy of the QD on Raman scattering is signiﬁcant. We ob-
serve that the rapid decrease in resonance peak of the DCS results
from the increasing the anisotropy degree of QDs. And the reso-
nance peak of the DCS moves towards lower energies (red shift)
with increasing the ratio Xx=Xy. These results can be easily ex-
plained, when the ratio Xx=Xy increases, the conﬁnement of the y
direction will decrease and the conﬁnement of the x direction will
increase. This leads to that the energy difference Efa between the
Wa and Wf states decreases and the energy difference Eai between
the Wi and Wa states increases. Hence, the resonant peaks of all
DCS suffer an obvious red-shift and the peak intensities rapid de-
crease with increasing the ratio Xx=Xy. It is possible to manage
the resonance frequency and the amplitude of the DCS by control-
ling the anisotropy degree of QDs.
In order to investigate the inﬂuence of geometrical size of QDs,
we plot, in Fig. 2, the DCS as a function of the diffusion photon en-
ergy for three different dot sizes. In Fig. 2, the degree of anisotropy,
hydrostatic pressure, and magnetic ﬁeld are set to be Xx=Xy ¼ 2:25,
P ¼ 20 kbar, and B ¼ 10 T, respectively. The plots indicate that all
peak positions of DCS shift to lower energies (red shift) with
increasing R. This result is in good agreement with those obtained30 40 50
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Fig. 2. Dependences of the DCS of Raman scattering in a two-dimensional anisotropic QD as a function of photon energy for the three different R values with P ¼ 20 kbar,
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the peak intensities of the DCS decrease. Similar behavior is also
observed in Ref. [37]. Obviously, the conﬁnements of the x and
the y directions decrease with increasing dot size R so that the en-
ergy differences Efa and Eia decrease. The resonant peaks of all DCS
suffer an obvious red-shift and the peak intensities decrease with
increasing R. Therefore, we can say that the smaller dot size should
used in order to obtain the considerable changes in the Raman
scattering of anisotropic QDs.
Fig. 3 shows the effect of external magnetic ﬁeld on the Raman
scattering in a two-dimensional anisotropic QD. We plot the DCS as0 10 20
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Xx=Xy ¼ 2:25 and R ¼ 6:0 nm.a function of the diffusion photon energy for three different
strengths of magnetic ﬁeld. In Fig. 3, the degree of anisotropy,
hydrostatic pressure and dot size are set to be Xx=Xy ¼ 2:25,
P ¼ 20 kbar and R ¼ 6:0 nm, respectively. From this ﬁgure the
magnetic ﬁeld-induced effect on the Raman scattering of aniso-
tropic QDs is clear. It is readily seen that the resonant peaks of
all DCS suffer an obvious red-shift and the peak intensities de-
crease with increasing B. This result is in good agreement with that
obtained in a cylindrical QD [15]. The physical origin of these re-
sults is that the energy difference Efa decreases and the energy dif-
ference Eai states increases with increasing B. This phenomenon30 40 50
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possible to control the frequency shift and the peak intensity in the
Raman spectrum of anisotropic QDs.
It is well known that application of hydrostatic pressure results
in a modiﬁcation of the physical properties [38,39]. This mainly is
due to deformation of the interatomic bonds [40]. Furthermore, in
order to investigate the inﬂuence of the hydrostatic pressure on the
Raman scattering in anisotropic QDs, we plot, in Fig. 4, the DCS as a
function of the diffusion photon energy for three different hydro-
static pressure values, i.e., P ¼ 0, 20 and 40 kbar, respectively. Here,
the degree of anisotropy, dot size and magnetic ﬁeld strength are
set to be Xx=Xy ¼ 2:25, R ¼ 6:0 nm, and B ¼ 10 T, respectively. As
we can see from Fig. 4 that as a result of the increase in the pres-
sure, the magnitude of the DCS decreases and the Raman spectrum
shows a red shift. This is obtained due to the increase of the elec-
tron effective mass with increasing hydrostatic pressure. There-
fore, an increase in the hydrostatic pressure leads to the more
conﬁnement of electrons in QDs and thus weakens the DCS of Ra-
man scattering. The obtained results give a new degree of freedom
in device applications, such as photo-detectors, electro-optical
modulators, and all optical switches.
In conclusion, we have investigated the effects of hydrostatic
pressure, and external magnetic ﬁeld on electron Raman scattering
in a two-dimensional anisotropic QD. The study has considered the
simultaneous effects of external magnetic ﬁeld and hydrostatic
pressure for several values of the degree of anisotropy of QDs. With
typical semiconductor GaAs based materials, the DCS as a function
of the diffusion photon energy have been obtained. The results
show that the electron Raman scattering in anisotropic QDs is
strongly affected by the degree of anisotropy, dot size, and applied
magnetic ﬁeld strength and hydrostatic pressure of QDs. We found
that the resonant peak of the DCS of Raman scattering in aniso-
tropic QDs can be red or blue shifted by external probes such as ap-
plied magnetic ﬁeld and hydrostatic pressure. The larger change of
the Raman spectrumwill be obtained by controlling the anisotropy
degree of QDs. The dependence of DCS on size of the QD, the mag-
netic ﬁeld and the hydrostatic pressure could be used for spectro-
scopic characterization of low-dimensional semiconductor
systems.Acknowledgment
This work is supported by the National Natural Science Founda-
tion of China under Grant No. 11074055.
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